hisH encodes imidazole acetol phosphate (IAP) aminotransferase in Zymomonas mobilis and is located immediately upstream of tyrC, a gene which codes for cyclohexadienyl dehydrogenase. A plasmid containing hisH was able to complement an Escherichia coli histidine auxotroph which lacked the homologous aminotransferase. DNA sequencing of hisH revealed an open reading frame of 1,110 bp, encoding a protein of 40,631 Da. The cloned hisH product was purified from E. coli and estimated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis to have a molecular mass of 40,000 Da. Since the native enzyme had a molecular mass of 85,000 Da as determined by gel filtration, the active enzyme species must be a homodimer. The purified enzyme was able to transaminate aromatic amino acids and histidine in addition to histidinol phosphate. The existence of a single protein having broad substrate specificity was consistent with the constant ratio of activities obtained with different substrates following a variety of physical treatments (such as freeze-thaw, temperature inactivation, and manipulation of pyridoxal 5-phosphate content). The purified enzyme did not require addition of pyridoxal 5-phosphate, but dependence upon this cofactor was demonstrated following resolution of the enzyme and cofactor by hydroxylamine treatment. Kinetic data showed the classic ping-pong mechanism expected for aminotransferases. K m values of 0.17, 3.39, and 43.48 mM for histidinol phosphate, tyrosine, and phenylalanine were obtained. The gene structure around hisH-tyrC suggested an operon organization. The hisH-tyrC cluster in Z. mobilis is reminiscent of the hisH-tyrA component of a complex operon in Bacillus subtilis, which includes the tryptophan operon and aroE. Multiple alignment of all aminotransferase sequences available in the database showed that within the class I superfamily of aminotransferases, IAP aminotransferases (family I␤) are closer to the I␥ family (e.g., rat tyrosine aminotransferase) than to the I␣ family (e.g., rat aspartate aminotransferase or E. coli AspC). Signature motifs which distinguish the IAP aminotransferase family were identified in the region of the active-site lysine and in the region of the interdomain interface.
Histidine biosynthesis requires imidazole acetol phosphate aminotransferases (IAP aminotransferases) to catalyze the formation of histidinol phosphate by transamination between imidazole acetol phosphate and glutamate (40) . Although a number of aminotransferases are not essential for growth because of the enzymatic backup attributed to the overlapping specificities of the intracellular repertoire of aminotransferases (18) , IAP aminotransferase is essential in all organisms studied. Thus, mutants which lack IAP aminotransferase activity have been shown to be auxotrophic for histidine in Escherichia coli (13) , Bacillus subtilis (38) , Corynebacterium glutamicum (1a) , Halobacterium volcanii (6) , and Streptomyces coelicolor (21) .
Genes responsible for histidine biosynthesis form a single operon in Salmonella typhimurium and E. coli (40) . In B. subtilis, all genes of histidine biosynthesis also map together, except for hisH (28) . The latter gene (called hisC in E. coli) encodes IAP aminotransferase and is flanked upstream by the tryptophan operon and downstream by tyrA (encoding prephenate dehydrogenase) and aroE (encoding enolpyruvylshikimate-5-phosphate synthase). The arrangement is 5Ј-aroFaroB-aroH-trpE-trpD-trpC-trpF-trpB-trpA-hisH-tyrA-aroE-3Ј (2, 18) . A ''supraoperon'' was originally proposed (32) to explain the coordinate derepression of hisH and tyrA genes following derepression of the tryptophan operon. Later it was found that complex transcription with multiple transcription start sites and multiple readthrough events occurs within the entire aroFaroE segment (2, 16) . The latter system illustrates features of a complex operon which can be defined as a multicomponent transcriptional unit whose encoded proteins function in different biochemical pathways. Internal promoters which can facilitate the discoordinate synthesis of operon gene products commonly exist.
B. subtilis IAP aminotransferase can provide a backup function in tyrosine and phenylalanine biosynthesis (26) , a role normally fulfilled by an aromatic aminotransferase specified by aroJ. Thus, hisH mutants are auxotrophic for L-histidine, while aroJ mutants remain prototrophic. However, hisH aroJ double mutants are auxotrophic for histidine, phenylalanine, and tyrosine. As expected from the in vivo results, purified IAP aminotransferase from B. subtilis was shown to transaminate phenylpyruvate and p-hydroxyphenylpyruvate in vitro (38) . In view of the foregoing physical and functional relationship between hisH and tyrA in B. subtilis, it is intriguing that tyrC in Zymomonas mobilis was found to be adjacent to hisH (42) . Does HisH function also overlap both histidine and aromatic amino acid biosynthesis in Z. mobilis? Z. mobilis is a gramnegative organism belonging to the beta subdivision of the proteobacteria (11) . At the outset, two evolutionary differences were already known to distinguish Z. mobilis from B. subtilis with respect to aromatic amino acid biosynthesis. B. subtilis possesses a narrow-specificity prephenate dehydrogenase (specified by tyrA) which is feedback inhibited by L-tyrosine, while Z. mobilis possesses a broad-specificity cyclohexadienyl dehydrogenase (specified by tyrC) which is insensitive to feedback inhibition (42) . Second, in contrast to B. subtilis, Z. mobilis tryptophan pathway genes are not organized as a single operon (9) . Therefore, if the hisH tyrC region is part of a larger, B. subtilis type of complex operon, only one or several of the trp genes could be present.
MATERIALS AND METHODS
Bacterial strains, plasmids, and media. Bacterial strains and plasmids used in this study are listed in Table 1 . Luria-Bertani medium was used as enriched medium (33) . The minimal medium used for E. coli strains was the M-9 formulation (22) . Where indicated, ampicillin was added to media at 100 g/ml, tetracycline was added at 10 g/ml, thiamine was added at 17 g/ml, and amino acids were added at 50 g/ml. Medium was solidified with 2% (wt/vol) agar.
DNA manipulation. The subcloning techniques including plasmid purification, restriction enzyme digestion, ligation, and transformation were conducted by standard methods (22) . Restriction enzymes, ligase, and calf intestine alkaline phosphatase were purchased from Gibco-BRL or Promega and were used according to manufacturer's instructions. Electroporation was conducted by using equipment from Invitrogen Corporation. Southern blot hybridization was carried out under stringent conditions by use of a biotinylated probe according to the instructions of Promega.
DNA sequencing and data analysis. Plasmid pJG2 was purified by the method recommended by Applied Biosystems, Inc. (1). Primers were made by the DNA Synthesis Laboratory of the Interdisciplinary Center of Biotechnology Research (ICBR) at the University of Florida. Sequencing was performed by the DNA Core Facility of the ICBR. The nucleotide sequence and the deduced amino acid sequence were analyzed by using the updated version of sequence analysis software package offered by Genetics Computer Group, Inc. (7) .
RNA isolation and analysis. Total RNA from cultures of Z. mobilis or E. coli UTH780 (pJG3) was isolated as described by Bialkowska-Hobrzanska et al. (3) . Contaminating DNA was removed by treatment with RNase-free DNase I from Gibco-BRL. Northern (RNA) blot hybridization was carried out by using a biotinylated probe according to instructions provided by Promega. Determinations of RNA size were based on migration of known RNA standards (0.24-to 9.5-kb RNA ladder from Gibco-BRL) as described by Maniatis et al. (22) .
The 5Ј termini of transcripts were determined by primer extension analysis essentially as described by Tsui et al. (36) , with some modifications. Two 30-base oligonucleotide primers which anneal to hisH transcripts (5Ј-CCCCGGAAT GATAGGCGCAATACTGTCGAT-3Ј) at positions 366 to 395 (Fig. 2) and tyrC (5Ј-GGAACCGATCAGTCCTAATCCGATAATGGC-3Ј) at positions 1461 to 1490 were synthesized by the DNA Synthesis Laboratory of the ICBR at the University of Florida. The primers were labeled on the 5Ј end with [␥-32 P]ATP (Amersham) and T4 polynucleotide kinase (Promega), and the unincorporated radioisotope was removed by two rounds of ethanol precipitation. The labeled primers were hybridized to various amounts of total RNA, and reverse transcriptase (Gibco-BRL) was used for primer extension. The cDNA obtained was dissolved in 2 l of Tris-EDTA buffer and 4 l of formamide loading buffer and was electrophoresed adjacent to a sequence ladder. The sequence ladder was generated by using the same primer, [␣- 35 S]ATP (Amersham), purified recombinant plasmid DNA containing the region of interest, and a sequencing kit from Promega.
Crude extract preparation and enzyme assays. Bacterial cultures were grown at 37ЊC with vigorous shaking in minimal medium supplemented with ampicillin. The cells were harvested in the late exponential phase of growth by centrifugation and resuspended in 50 mM potassium phosphate buffer (pH 7.0). The cells were broken by sonication, using a Ultratip Labsonic System (Lab-Line Instruments, Inc., Melrose Park, Ill.). The suspension was centrifuged at 150,000 ϫ g for 65 min at 4ЊC. The supernatant fraction was collected and passed through a DG-10 Sephadex column (1.5 by 5.5 cm). The resulting desalted preparation is designated the crude extract.
IAP aminotransferase was assayed by mixing enzyme, ␣-ketoglutarate (final concentration, 10 mM), and histidinol phosphate (final concentration, 8.3 mM) in potassium phosphate buffer (50 mM, pH 7.0), incubating the mixture at 37ЊC for the designated amount of time, and then measuring the A 280 of enolized imidazole acetol phosphate formed enzymatically (23) . p-Hydroxyphenylpyruvate aminotransferase (HAT) and phenylpyruvate aminotransferase (PAT) activities were assayed in 50 mM potassium phosphate buffer (pH 7.0), by using 10 mM ␣-ketoglutarate and 10 mM L-tyrosine or 10 mM L-phenylalanine as substrates, and monitoring the A 331 for p-hydroxyphenylpyruvate or the A 320 for phenylpyruvate (39) . Other aminotransferase activities were assayed by monitoring the formation of product amino acids by use of high-performance liquid chromatography (HPLC) (4). Prephenate dehydrogenase activity was assayed by monitoring the appearance of NADH on a spectrophotofluorometer (excitation at 340 nm and emission at 460 nm) at 37ЊC with saturating concentrations of NAD ϩ (1 mM) and prephenate (2 mM) (42) . Extinction coefficients of 5,310 for imidazole acetol phosphate (23), 17,500 for phenylpyruvate (39) , and 32,850 for p-hydroxyphenylpyruvate (39) were used to calculate the concentration of each product. Protein concentration was determined by the method of Bradford (5) .
Purification of the cloned IAP aminotransferase from E. coli UTH780. E. coli UTH780 carrying plasmid pJG3 was grown in 6 liters of minimal medium supplemented with ampicillin and thiamine at 37ЊC in a gyratory shaker up to the late exponential phase of growth. The cell pellet was harvested by centrifugation and washed once with buffer A (50 mM potassium phosphate buffer [pH 7.0], dithiothreitol, 1.0 mM, 1.4 mM ␤-mercaptoethanol, 0.05 mM pyridoxal 5Ј-phosphate [PLP]), then resuspended in the same buffer, and disrupted by sonication. After centrifugation (150,000 ϫ g for 65 min at 4ЊC), the supernatant was dialyzed overnight against buffer A and then applied to a DEAE-cellulose column (2.5 by 55 cm) equilibrated with buffer A. The column was washed with 700 ml of buffer A and then eluted with 1,800 ml of buffer A containing a linear gradient of KCl from 0 to 200 mM. Fractions of 8 ml were collected, and those showing high IAP aminotransferase activity were pooled and concentrated by means of an Amicon PM-10 membrane. The concentrated preparation was dialyzed against buffer A overnight and applied to a hydroxylapatite column (1.5 by 51 cm) equilibrated with buffer A. After being washed with 400 ml of buffer A, the column was eluted with 1,000 ml of buffer A containing a linear gradient of potassium phosphate from 10 to 400 mM. Fractions of 5 ml were collected, and those showing high IAP aminotransferase activity were pooled and concentrated as described above.
PAGE. Native polyacrylamide gel electrophoresis (PAGE), using the foregoing preparation, was performed as described by Orr et al. (27) . After electrophoresis, a part of the gel was stained with Coomassie blue. The portion of the 
Gibco-BRL unstained gel which corresponded to the bands visualized on the stained gel were excised separately, minced in buffer A, and then incubated at 37ЊC for 1 h. The gel was removed by centrifugation at 10,000 ϫ g by means of a microfilterfuge tube (Rainin Instrument Co., Inc., Woburn, Mass.). The preparation recovered could be used for further enzyme analysis. Amino acid sequencing of the cloned IAP aminotransferase. The purified enzyme preparation was denatured by sodium dodecyl sulfate (SDS) and subjected to PAGE (19) . The protein was transferred to a polyvinylidene difluoride membrane by a protein miniblotting apparatus and sequenced by using an Applied Biosystems model 407A protein sequencer with on-line 120A phenylthiohydantoin analyzer at the Protein Core Facility of the ICBR at the University of Florida.
Molecular mass determination. The molecular mass of the native enzyme was estimated by gel filtration using a Sephadex G-200 column (2.5 by 98 cm) which had been previously equilibrated with buffer A and eluted with the same buffer. The column was calibrated by chymotrypsinogen (M r , 25,000), bovine serum albumin (M r , 66,000), alcohol dehydrogenase (M r , 150,000), and ␤-amylase (M r , 200,000). SDS-PAGE was carried out to determine the subunit molecular mass of the enzyme. ␣-Lactalbumin (M r , 14,400), soybean trypsin inhibitor (M r , 20,100), carbonic anhydrase (M r , 30,000), ovalbumin (M r , 43,000), bovine serum albumin (M r , 67,000), and phosphorylase (M r , 94,000) were used as molecular mass standards.
Biochemicals and chemicals. Histidinol phosphate, ␣-ketoglutarate, PLP, ␤-mercaptoethanol, ampicillin, tetracycline, thiamine, Sephadex G-200, and amino acids were purchased from Sigma Chemical Company; dithiothreitol was from Research Organics, Inc.; DEAE-cellulose was from Whatman; hydroxylapatite was from Bio-Rad. Molecular mass standards for gel filtration and for SDS-PAGE were from Sigma and Pharmacia Fine Chemicals, respectively. Growth medium components and agar were from Difco.
Nucleotide sequence accession number. The nucleotide sequence reported in this communication has been assigned GenBank accession number L36343.
RESULTS
Identification of the gene upstream of tyrC. Zhao et al. (42) identified a partial open reading frame of 539 bp located directly upstream of tyrC (encoding cyclohexadienyl dehydrogenase) in Z. mobilis. Amino acid sequence comparison with other sequences in the database indicated that the upstream gene might encode IAP aminotransferase. The original tyrC clone (pJZ5) isolated (42) contained an intact hisH gene, since functional complementation (Fig. 1 ) of E. coli UTH780, a hisC mutant (lacking IAP aminotransferase activity), could be readily demonstrated. Plasmids purified from the ampicillinresistant transformants had the same size and banding pattern (supercoiled, circular, and linear) as pJZ5 on agarose gel, and a second transformation of E. coli UTH780 with these purified plasmids again conferred histidine prototrophy.
Subcloning experiments shown in Fig. 1 localized hisH to the NcoI-NcoI fragment. The inability of plasmid pJG1 to complement the histidine auxotroph E. coli UTH780 indicated that cleavage at the NsiI site disrupted the integrity of hisH. Southern blot hybridization showed that a labeled 0.6-kb StuI-StuI fragment of pJG3 hybridized with a 0.6-kb fragment of Z. mobilis chromosomal DNA digested with StuI but did not hybridize with a similar digest of E. coli chromosomal DNA (data not shown).
Z. mobilis IAP aminotransferase expression in E. coli was measured directly (Fig. 1) . Histidine auxotroph UTH780 exhibited the expected absence of IAP aminotransferase activity. Although the specific activity measured in UTH780 (pJZ5) progressively increased as insert size decreased in subclones UTH780 (pJG4a) and UTH780 (pJG3), the plasmids used have different promoters or cloning ends. In addition, specific activities have not been normalized to plasmid copy numbers. Since the insert of UTH780 (pJG4b) has an orientation opposite that of the lac promoter, a native promoter ahead of hisH appears to be recognized by E. coli.
Nucleotide sequence. The complete nucleotide sequence of Z. mobilis hisH along with the flanking upstream region is shown in Fig. 2 . The structural gene, 1,110 bp in length, begins at codon ATG and terminates at codon TAA. The N-terminal amino acid sequence, obtained by using a sample cut from the major band on SDS-PAGE, was determined to be MTAAPE, a sequence which was identical to that deduced from the nucleotide sequence. The deduced amino acid sequence yields a protein of 370 residues with a molecular mass of 40,631 Da. The hisH terminator codon is immediately adjacent to the GTG start codon of tyrC, leaving no intercistronic space.
The GϩC content of hisH (50.1%) falls into the range of 47 to 50% for the Z. mobilis genome (25) . The 5Ј region corresponding to the untranslated transcript is exceedingly AϩT rich. The codon usage of hisH exhibits a bias different from that of Z. mobilis genes which encode high-abundance proteins (29) . For instance, six codons (GGG, AGG, AGA, ATA, CGA, and CTA) are never used, and three codons (GTA, CGG, and ACA) are rarely (Ͻ0.1 mol%) used in high-abundance proteins but are used to a significantly greater extent in the low-abundance proteins. This is consistent with expectations that the low-abundance tRNA species in the cell may limit gene expression. Transcript analysis. Northern blot analysis was performed as described in Materials and Methods. RNA was isolated from E. coli UTH780 (pJG3) and Z. mobilis. Two DNA probes were generated by PCR. One 511-bp probe spanned nucleotides 335 to 846 within hisH (Fig. 2) , and another 441-bp probe spanned nucleotides 1874 to 2315 within tyrC. In either case, two transcripts of different sizes were detected (data not shown). One transcript of about 2 kb would be sufficient to read through both structural genes. A smaller, 1.1-kb transcript may correspond to tyrC driven from an internal promoter within hisH.
Primer extension analysis was carried out with a primer complementary to the 5Ј portion of hisH. Two possible transcription start sites for hisH were identified by using RNA from either E. coli UTH780 (pJG3) or Z. mobilis (as marked on Fig.  2 ). Since we observed numerous faint bands that indicated in vivo RNase processing, RNase protection experiments will be required to confirm positions marked ϩ1a and ϩ1b as transcription start sites. Primer extension analysis was also carried out with a primer complementary to the 5Ј portion of tyrC to determine possible transcription start sites for tyrC which originate from an internal promoter upstream of the NsiI restriction site within hisH. Four bands of nearly equal intensity correspond to the possible start sites indicated in Fig. 2 . One or more of these bands could be transcript ends caused by in vivo RNase processing of the mRNA originating from the primary promoter ahead of hisH.
Inseparability of the cloned IAP aminotransferase and aromatic aminotransferase activities. The Z. mobilis enzyme was purified from E. coli UTH780 (pJG3) by fractionation using two chromatography steps (Table 2) . One major protein band and one minor protein band were visualized by SDS-PAGE (Fig. 3) . The molecular mass of the major band was estimated to be 40,000 Da, in good agreement with that deduced from DNA sequence. The molecular mass of the native enzyme is 85,000 Da, as determined by gel filtration on Sephadex G-200. The native enzyme is therefore a homodimer.
The fractions which contained IAP aminotransferase activity also exhibited a coinciding peak of aromatic aminotransferase activity (data not shown). The purified enzyme preparation from the hydroxylapatite column was loaded on a native polyacrylamide gel. The protein corresponding to the top band (see Materials and Methods) was eluted and found to exhibit IAP aminotransferase, PAT, and HAT activities. N-terminal amino acid sequencing also showed this band to correspond to IAP aminotransferase. A sample of the same eluate gave a single To confirm further that the minor protein was not responsible for the aromatic aminotransferase activity observed, N-terminal amino acid sequencing of the minor protein was carried out. The resulting sequence (MKVAV) did not correspond with that of TyrB (MFQKV), AspC (MFENI), or IlvE (MTTKK) of E. coli. These three E. coli enzymes would be the only extraneous sources of aromatic aminotransferase activity (14) , and we have confirmed that a tyrB aspC ilvE triple mutant lacks all detectable aromatic aminotransferase activity. These data show that IAP aminotransferase possesses broad substrate specificity which includes aromatic keto and amino acids.
Heat stability. The purified HisH protein (Table 2) showed relatively good tolerance to elevated temperatures. Enzyme preparations were incubated at 5ЊC temperature increments over the range of 40 to 65ЊC for 2 min and then kept at 4ЊC until assay. Both IAP aminotransferase and PAT activities remained unchanged when the enzyme was treated at 50ЊC but decreased sharply and in parallel when incubated above 55ЊC for 2 min (data not shown). Under these conditions, 50 and 96% inactivation of both activities was obtained at 57.5 and 65ЊC, respectively.
Freeze-thaw stability. The purified enzyme (Table 2) is unstable to freeze-thaw treatment. After freezing at Ϫ20ЊC overnight and thawing on ice, 98% of both the IAP aminotransferase and PAT activities were lost; after freezing at Ϫ80ЊC overnight and thawing on ice, 58% of both activities were lost. In contrast, 100% of both activities remained after several months at Ϫ80ЊC in 10% (vol/vol) glycerol.
Requirement for PLP. When the purified enzyme preparation (Table 2 ) was dialyzed against 50 mM potassium phosphate buffer overnight to remove ␣-ketoglutarate, PLP, and ␤-mercaptoethanol, both IAP aminotransferase and PAT activities were unaltered. Enzyme activity was neither dependent on nor stimulated by the presence of PLP in the reaction buffer. However, when the purified enzyme preparation was dialyzed against 20 mM potassium phosphate buffer containing 3 mM hydroxylamine and then dialyzed against the same buffer without hydroxylamine to remove the pyridoxamine generated, no enzyme activity could be detected in this PLP-resolved enzyme preparation. Incubation of the PLP-resolved enzyme preparation with 0.1 mM PLP for 15 min at 37ЊC restored about 17% of the original activities with either histidinol phosphate or phenylpyruvate. These results indicated that PLP binds tightly to the enzyme. Removal of the cofactor apparently triggers irreversible denaturation. The presence of 10% glycerol, which stabilizes the enzyme during storage, did not stabilize the apoenzyme resolved of cofactor.
Effect of pH on enzyme activity. The purified enzyme exhibited a broad pH range between pH 6.0 and 8.0 when different substrates were used (data not shown). Over this range, IAP aminotransferase, PAT, and HAT activities did not vary more than 25%, but pH optima varied: pH 6.5 for HAT, pH 7.1 for PAT, and pH 8.0 for IAP aminotransferase.
Substrate specificity of the purified enzyme. The specific activities of the purified enzyme when different substrates were used are listed in Table 3 . In addition to high activities when histidinol phosphate, phenylalanine, and tyrosine were used as amino donors, histidine was also found to be an effective substrate. The enzyme has only very low activity as an aspartate aminotransferase or alanine aminotransferase, judging from results obtained with oxaloacetate or pyruvate in combination with histidinol phosphate. Phosphoserine, a phosphorylated intermediate of a biosynthetic pathway (like histidinol phosphate), was not utilized at all by IAP aminotransferase.
Kinetics of the purified enzyme. A series of kinetic analyses was carried out. Double-reciprocal plots of initial velocity as a function of varied concentration of one substrate when the other substrate was maintained at various fixed concentrations gave a family of parallel lines (Fig. 4) . These experimental results conform with expectations for a ping-pong bi-bi type of reaction mechanism, as has been demonstrated for many other aminotransferases (34) . The K m and V max values for different substrates were calculated from the secondary plots of intercept versus reciprocal concentrations of the fixed substrate (data not shown). The K m and V max /K m values are listed in Table 4 . The markedly higher affinity for histidinol phosphate than for any of the alternative substrates is consistent with its probable major role as an enzyme of histidine biosynthesis. Surprisingly, the K m value determined for ␣-ketoglutarate varied significantly depending upon the amino donor cosubstrate. Thus, the K m value was 50-fold lower when histidinol phosphate was the amino donor than when aromatic amino acids were used. Perhaps imidazole acetol phosphate produced in the first half-step is not released before the binding of ␣-ketoglutarate. If so, the bound imidazole acetol phosphate may induce a conformational change leading to increased affinity for ␣-ketoglutarate. On the other hand, phenylpyruvate or 4-hydroxyphenylpyruvate may fail to induce an equivalent conformational change. This proposed mechanism is consistent with the ping-pong bi-bi kinetics shown in Fig. 4 .
Possible linkage of hisH-tyrC with genes of tryptophan biosynthesis. Plasmid pF5.8 and cosmids pFBA9, pC2, pC5, and pF20 (Table 1) were introduced into E. coli UTH780 and AT2471 by electroporation, but none of the transformants obtained corrected the hisC and tyrA deficiencies. Thus, linkage of hisH-tyrC with trpFBA and trpC has been eliminated. Possible linkage to trpD or trpE has not been eliminated. FIG. 3 . SDS-PAGE of the protein samples obtained after the purification steps specified in Table 2 for the cloned IAP aminotransferase from E. coli UTH780. A 12% gel was used and stained with Coomassie blue. Lane 1, molecular weight standards; lane 2, crude extract; lane 3, after the DEAE-cellulose chromatography step; lane 4, after the hydroxylapatite chromatography step. a See Materials and Methods for conditions used in enzyme assays. All activities were assayed by monitoring the formation of product amino acids, using HPLC.
b Used in combination with histidinol phosphate as amino donor substrate. c Used in combination with ␣-ketoglutarate as keto acid substrate.
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DISCUSSION
Class I aminotransferase gene families. Multiple alignment clearly shows that Z. mobilis HisH belongs to the class I aminotransferase superfamily. This superfamily includes rat tyrosine aminotransferase, vertebrate aspartate aminotransferases, and the IAP aminotransferases (Fig. 5) . The latter form a distinct cluster which we will refer to as family I␤. Z. mobilis HisH exhibits the highest amino acid identity (36%) with B. subtilis HisH. The most divergent members of family I␤ exhibit amino acid identities of about 25%.
Mehta et al. (24) first recognized rat tyrosine aminotransferase and IAP aminotransferases as homologs of the classical aspartate aminotransferase family. Since at that time only two members of family I␤ and one member of family I␥ were available, the three family clusters shown in Fig. 5 were not yet apparent. The emergence of additional amino acid sequences representing each family shows that family I␣ diverged from a common ancestor of families I␤ and I␥.
All members of the class I superfamily utilize ␣-ketoglutarate and glutamate very well, and each of the three families has at least some members which can utilize aromatic amino acids. Family I␤ is unique for its IAP aminotransferase capability, and other aminotransferases are not known to be able to catalyze this activity. Z. mobilis HisH was found to be unable to use aspartate. Both Z. mobilis HisH and B. subtilis HisH can utilize aromatic amino acids; the breadth of substrate specificity for other IAP aminotransferases has not been studied. Both family I␣ and family I␥ possess members whose primary function is for aromatic amino acid biosynthesis or for aspartate biosynthesis.
Although E. coli IlvE is not a class I aminotransferase, it is included in Fig. 5 because it has been shown to exhibit functional overlap with E. coli TyrB and AspC (14, 18) , which belong to family I␣. The dendrogram in Fig. 5 suggests that there was a broad-specificity ancestor aminotransferase which transaminated both aspartate and aromatic amino acids. Divergent evolution led to the separation of two lineages, one being the common ancestor of family I␣ members. The other lineage diverged to yield family I␥ and a new specialized step of histidine biosynthesis (family I␤).
The IAP aminotransferase gene family. A multiple alignment of all reported IAP aminotransferase amino acid sequences is shown in Fig. 6 . A total of 28 residues are invariant within family I␤, and 11 of these are invariant within the entire superfamily. Amino acid sequences corresponding to the highly conserved interdomain interface and active-site lysine regions may be useful as signature motifs characteristic of family I␤. These are 192-P(x 1 )NPTG-197 and 254-T-(x 1 ) SK(x 4 )A(x 2 )R(x 1 )G-268, respectively. The two family I␣ arginine residues, R-292 and R-386, well known to interact with the distal and ␣-carboxyl moieties of dicarboxylic substrates (10), are not aligned by computer program with arginine residues in family I␤. Perhaps residues R-381 and R-393 of Z. mobilis HisH (invariant in family I␤) perform an equivalent function. Indeed, residues equivalent to Z. mobilis R-393 have been manually aligned with pig cytosolic aspartate aminotransferase R-386 (24) .
Complex-operon function. hisH and tyrC appear to be cotranscribed. Northern blot analysis using Z. mobilis RNA has shown a 2-kb transcript. Cotranscription is consistent with the apparent translational coupling of hisH and tyrC. As in other organisms, Z. mobilis HisH is undoubtedly critical for histidine biosynthesis. That the aminotransferase function may extend to the pathway of aromatic amino acid biosynthesis as well is consistent with the coexistence of hisH with tyrC in an apparent operon and also with the precedent in B. subtilis. The genes of tryptophan biosynthesis are not clustered within a single operon in Z. mobilis as they are in B. subtilis, but we considered the possibility that some tryptophan pathway genes might be located adjacent to the hisH-tyrC operon. When cosmid constructs containing Z. mobilis trpFBA or trpC were introduced by electroporation into E. coli hisC or tyrA mutants, no His ϩ or Tyr ϩ transformants were obtained. Thus, neither trpFBA nor trpC of Z. mobilis is closely linked to the hisH-tyrC region. It is unknown whether HisH might be a major or sole enzyme of aromatic biosynthesis in Z. mobilis or whether it has a backup role, as appears to be the case in B. subtilis. An obvious rationale may not be readily apparent to explain the coexistence of genes from different pathways in operons. However, this is likely to reflect the coordination of interpathway relationships. Thus, in E. coli and S. typhimurium, serC and aroA exist as components of a complex operon (8, 17) , and this has been explained as a mechanism for coordination of a response to iron limitation which requires output from both the serine and aromatic amino acid biosynthetic pathways to produce enterochelin. The serC-aroA operon is also involved in pyridoxine biosynthesis; serine, the aromatics, and pyridoxine converge at a number of places in metabolism (20, 31) . The modern era of cloning in which sequenced genes of interest may be found to coexist with unexpected genes in complex operons has the potential to reveal novel interpathway relationships of regulation. For example, in E. coli (35) and S. typhimurium (41) , a gene encoding an enzyme of heme biosynthesis coexists with a gene encoding a probable N-acetylmuramyl-L-alanine amidase, an enzyme of cell wall metabolism.
Other evolutionary and physiological considerations. E. coli hisC (IAP aminotransferase) and hisD (histidinol dehydrogenase) are adjacent cistrons within the histidine operon (40) . These genes have been fused in the laboratory to yield a remarkably functional bicatalytic protein (30) . We considered the possibility that, like Z. mobilis hisH and E. coli hisC, Z. mobilis tyrC and E. coli hisD are homologs. However, this seems unlikely since (i) contemporary Z. mobilis TyrC has no histidinol dehydrogenase activity, (ii) a pairwise alignment of Z. mobilis TyrC and E. coli HisD did not exhibit obvious homology, and (iii) the mechanisms of the two dehydrogenase reactions are different. Since purified Z. mobilis IAP aminotransferase can utilize histidine, it is possible that this activity is physiologically significant. Organisms capable of growth on imidazole lactate as a sole carbon source utilize a dehydrogenase to convert it to imidazolepyruvate, which is then transaminated to histidine. Histidine is then catabolized to yield glutamate (15) . The possibility that HisH and TyrC function together as an aminotransferase-dehydrogenase unit able to convert imidazolelactate to histidine was considered since cyclohexadienyl dehydrogenase (TyrC) is already known to exhibit broad sub- 
